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Freezing behavior results in a decrease or no change in both heart rate (HR) and cardiac output (8, 23, 30) , while visceral vasoconstriction and venoconstriction occur (23) . Despite these modifications of the heart and vascular functions, mean arterial pressure undergoes little change during freezing behavior. Thus cardiovascular function appears to be tactically organized for the whole body during freezing behavior, but the detailed mechanisms as to how this occurs are less well understood.
Sympathetic nerve activity plays a critical role in the moment-to-moment regulation of cardiovascular function. There is a growing body of evidence that sympathetic nerve activity is regulated differently and in an organ-specific manner (16, 19, 28, 31) . Thus differential responses in sympathetic outflows may possibly be involved in organizing cardiovascular adjustment during freezing behavior. A few attempts have been made to measure sympathetic nerve activity responses associated with freezing behavior (4, 5, 11) . However, these experiments were carried out in the anesthetized state with electrical stimulation of the defense area in the hypothalamus. There appears to be relatively little published information on the changes in sympathetic outflows to different organs during natural freezing behavior in the conscious state.
The aim of the present study was to document how the sympathetic nervous system might be involved in generating the patterned changes in cardiovascular function during freezing behavior. To this end, responses in renal (RSNA) and lumbar (LSNA) sympathetic nerve activity, HR, mean arterial pressure, and electroencephalogram (EEG) during freezing behavior were measured simultaneously and continuously. This allowed the functional interrelationship between sympathetic outflows and cardiovascular function to be determined. Furthermore, the present study was designed to evaluate the potential role of arterial baroreceptors in generating changes to sympathetic outflows and cardiovascular functions during freezing behavior. To achieve this aim, responses in sympathetic outflow and cardiovascular responses during freezing behavior were measured in sinoaortic-denervated (SAD) rats and compared with those obtained in sham-operated (SO) rats.
METHODS

Animals
Male Wistar rats weighing 300.8 Ϯ 7.3 g (mean Ϯ SE) were used for all experiments. Rats were housed individually in a temperaturecontrolled (24°C) and light-controlled (12:12-h light-dark cycle, light 0700 -1900) room. The animals were allowed standard laboratory rat chow and water ad libitum and were handled every day. Rats were assigned randomly to two groups: the sham-operated group (SO, n ϭ 11) and the sinoaortic baroreceptor-denervated group (SAD, n ϭ 13). All procedures were undertaken in accordance with the Guiding Principles in the Care and Use of Animals in the Field of Physiological Sciences published by the Physiological Society of Japan (17a) and with the prior approval of the Animal Care Committee of Nara Women's University.
Surgical Procedures
Both SO and SAD rats were operated on in three stages. All procedures were performed aseptically in an operating theatre.
First surgery: sinoaortic baroreceptor denervation. Rats were pretreated with a subcutaneous injection of atropine (0.15 mg/ kg)and then anesthetized with pentobarbital sodium (75 mg/kg ip). SAD was performed with slight modification of the procedure originally described by Krieger (1, 10) . Briefly, after a midline neck incision, the carotid bifurcation was exposed with the aid of a dissecting microscope. Aortic baroreceptor deafferentation was performed by cutting the superior laryngeal nerves near the vagi, removing the superior cervical ganglia, and sectioning the aortic depressor nerves when evident. The carotid sinuses were denervated by stripping the region of the bifurcation of all extraneous fibers and adventitia, followed by the application of 10% phenol (in 95% ethanol) to the internal, external, and common carotid arteries. Care was taken to prevent the application of any phenol to the vagi. The wound was then closed, and the rats were allowed 2 wk for recovery. The sham operation consisted of a midline neck incision and exposure of the carotid bifurcation.
Completeness of baroreceptor deafferentation was evaluated by evident lability of mean arterial pressure ranging from ϳ50 to ϳ170 mmHg during daily activity and no changes in HR in response to the intravenous administration of phenylephrine (10 g) (27) .
Second surgery: implantation of electroencephalogram, electrocardiogram, and electromyogram electrodes. Two weeks after the first surgery, EEG, electrocardiogram (ECG), and electromyogram (EMG) electrodes were implanted as described in our previous reports (15, 17) . Briefly, EEG electrodes were implanted over the frontal cortex (anteroposterior ϩ2 mm, mediolateral Ϫ2 mm from bregma), parietal cortex (anteroposterior Ϫ3 mm, mediolateral Ϫ2 mm from bregma), and cerebellum (1.5 mm posterior to lambda). Three stainless steel miniature screws (1.0-mm diameter), which served as electrodes, were screwed into the skull and secured with dental cement. The bipolar EMG electrodes were implanted bilaterally in both trapezius muscles. The bipolar ECG electrode was implanted under the skin at the manubrium of the sternum and xiphoid process. The electrodes were tunneled under the skin, exteriorized at the nape of the neck, and passed through the center of a circled-cut Ducron sheet, fixed into place and sutured to the skin, and then led through a flexible spring.
Third surgery: implantation of RSNA and LSNA electrodes. A period of at least 5 days was allowed before the third surgery, at which time the electrodes for measurement for RSNA and LSNA and arterial and venous catheters were implanted as described in our previous reports (14, 15, 34) . Briefly, the left kidney was exposed retroperitoneally through a flank incision. Approximately 2 mm of the renal sympathetic nerve was carefully isolated, and a bipolar stainless steel wire electrode (AS633, Cooner, Chatsworth, CA) was hooked onto the renal nerve. Renal nerve activity was amplified with a differential amplifier, displayed on an oscilloscope, and made audible with an audio amplifier. When optimal nerve activity was confirmed by observing the rhythmic bursts of nerve traffic, the wires of the electrode and the isolated sympathetic nerve were embedded in a two-component silicone gel (604, Wacker-chemie, Munich, Germany). Once the gel had hardened, the silicone rubber was cut to a size of ϳ5 ϫ 5 mm and fixed to the surrounding tissue with glue containing ␣-cyanoacrylate (Aronalpha, Tohwa Gousei Kagaku, Tokyo, Japan). To implant the LSNA electrode, a midline abdominal incision was made. After retraction of the intestines, the abdominal aorta and vena cava were gently pulled aside to expose a lumbar nerve. The left sympathetic trunk lies on the psoas muscle located under the aorta. Approximately 3 mm of the left lumbar sympathetic trunk was carefully isolated from the connective tissue, and a bipolar stainless steel wire electrode (AS633) was hooked onto the sympathetic trunk between L3 and L4 (2, 12, 15, 20) . The LSNA was amplified and made audible, and the nerve plus electrodes were embedded in a two-component silicone gel and fixed to the surrounding tissue as employed for the renal sympathetic nerves. In this preparation, neither distal nor proximal ends of the renal and lumbar sympathetic nerves were sectioned. Thereafter, the arterial catheter was implanted into the abdominal aorta via the tail artery, and the venous catheter was implanted via the right internal jugular vein. The electrodes and catheters were exteriorized as described above.
On completion of each surgery, antibiotics were given (gentamicin sulfate, 10 mg/kg sc; Schering-Plough, Osaka, Japan). For the control of postoperative pain, a nonsteroidal anti-inflammatory drug [diclofenac sodium (Voltaren), 0.5-3 mg/kg, Novartis Japan, Tokyo, Japan] mixed with jelly was given orally when necessary. The animals were individually housed in transparent plastic cages and then acclimated to the recording environment over the recovery period. The animals were weighed and handled every day, and the status of the animals was checked at least twice a day by experienced researchers. The arterial and venous catheters were filled with heparin sodium solution (1,000 IU/ml saline) and were flushed every day.
Measurements
The RSNA, LSNA, EEG, EMG, and ECG signals were amplified by a differential amplifier (MK-2, Bioteck, Kyoto, Japan: gain ϫ 10,000 and bandwidth 150 -2,000 Hz for RSNA and LSNA; gain ϫ 10,000 and bandwidth 0.16 -50 Hz for EEG; gain ϫ 100 and bandwidth 100 -2,000 Hz for EMG; and gain ϫ 1,000 and bandwidth 0.16 -150 Hz for ECG). Arterial and central venous pressures were measured by connecting the catheters to a pressure transducer (DX-100, Nihon Kohden, Tokyo, Japan). The amplified RSNA and LSNA were integrated with a voltage integrator with a time constant of 0.05 s (MK-INT, Bioteck). The analog outputs of the signals were recorded simultaneously on a thermal-head paper recorder (ORP 1200, Yokogawa-Denki, Tokyo, Japan) and sampled at 2,000 Hz with the 14-bit A/D converter of the computer. The digitized EEG was Fourier analyzed continuously every 1 s with a data acquisition program (Labview, National Instruments, Austin, TX). Peak values of EEG power density within two frequency bands were recorded: delta (0.5-4.0 Hz) and theta (6.0 -9.0 Hz) bands. HR was determined with a cardiotachometer (AT-601G, Nihon Kohden) triggered by the ECG. The root mean square value of EMG was calculated simultaneously. The areas of integrated RSNA and LSNA were calculated every 1 s with the data acquisition program. The mean values of the data were calculated simultaneously, continuously displayed on the computer every 1 s, and stored on the hard disk.
Experimental Protocols
Not less than 3 days after the third surgery, experiments were performed with the animals in their home cage after an hour of rest when all electrodes and catheters had been connected to the measuring instruments. The experiment consisted of a 10-min control period, 10 min of noise exposure, and a 10-min recovery period. Rats were exposed to a burst of 90-dB continuous white noise that was produced by a solid-state white noise generator with the bandwidth set at 100 Hz-22 kHz (WNG, Bioteck). Noise was delivered through a loudspeaker (JBL4310H, Northridge, CA) placed near the cages. Noise intensity was measured by placing a sound level meter (NL-04, Rion, Tokyo, Japan) near the rat in its home cage. The ambient noise level around the home cage, which was measured before the onset of the noise exposure, was ϳ60 dB (A scale). The animals were monitored visually by the investigator through a small acrylic window of the chamber throughout the recording session, and the active behavior of each rat was noted at every second. The 90-dB white noise exposure was carried out once in each rat. Each rat was abruptly exposed to a 90-dB white noise without any handling and context changes before noise exposure. They all maintained a freezing posture throughout the 10-min period of noise exposure.
After each experiment, the background noise of RSNA and LSNA was determined by detecting the nadir value of integrated RSNA and LSNA that were digitized at 2,000 Hz over 10-min free recording ( Fig. 1; 6, 33 ). This was carried out because RSNA and LSNA were not eliminated by increasing mean arterial pressure up to ϳ170 mmHg with an intravenous infusion of phenylephrine (10 g) in SAD rats. We compared the nadir value obtained during resting conditions with the lowest value obtained during an increase in mean arterial pressure induced by phenylephrine in the same SO rat and found no difference between the two values. The background noise was then subtracted from the integrated RSNA and LSNA data.
To quantify the RSNA and LSNA responses, percent changes in sympathetic nerve activity were calculated by taking the mean of these values in non-rapid eye movement (NREM) sleep, observed in the preexposure period, as 100% on each day. The NREM sleep state was scored by standard criteria based on the patterns of EEG and EMG activity (13) .
At the end of the entire procedure, rats were killed with an intravenous overdose of pentobarbital sodium (Ͼ200 mg/kg).
Statistical Analysis
Statistical evaluation was performed with analysis of variance (ANOVA) for repeated measures (22) . When the F values were significant (P Ͻ 0.05), individual comparisons were made by Fisher's least significant difference test (22) . The responses observed during the freezing behavior were compared with the average value during the 10-min preexposure period. Values are reported as means Ϯ SE.
RESULTS
In both SO and SAD groups, all rats froze immediately at the onset of the 90-dB white noise and remained frozen throughout the 10-min period of noise exposure. Figure 2 shows the percent changes in RSNA and LSNA in response to the noise exposure over 10 min in SO and SAD rats. In SO rats, RSNA increased significantly (P Ͻ 0.05) and immediately after the onset of the noise exposure by 59.5 Ϯ 24.5% (P Ͻ 0.05) at 20 s, and then it remained elevated with a mean value of 45.2 Ϯ 20.2% (P Ͻ 0.05) throughout the 10-min exposure period relative to the preexposure level. Immediately after the cessation of the noise exposure, RSNA returned to the preexposure level in SO rats.
In SAD rats, there was an immediate transient increase in RSNA of 54.3 Ϯ 21.4% (P Ͻ 0.05) at 20 s after the onset of the noise exposure, which fell back to a 14.4 Ϯ 10.8% increase at 60 s but then gradually rose to a 36.7 Ϯ 12.4% (P Ͻ 0.05) higher level at 600 s after the onset of the noise exposure. There were statistical differences in the magnitude of the increase in RSNA between SO and SAD rats from 60 s to 140 s after the onset of the noise exposure.
LSNA did not change significantly in either group over the experimental period, although there was a transient increase at 20 s in SO rats. In SAD rats, LSNA also remained unchanged throughout the experimental period. There was no statistical difference in LSNA between SO and SAD rats throughout the period of the noise exposure. Figure 3 shows the responses of mean arterial pressure, central venous pressure, and HR before, during, and after the period of noise exposure. In SO rats, mean arterial pressure remained unchanged throughout the experimental period. In SAD rats, mean arterial pressure during the preexposure period was 119 Ϯ 4 mmHg, which was significantly (P Ͻ 0.05) higher than that in SO rats at 110 Ϯ 2 mmHg. Mean arterial pressure in SAD rats increased immediately after the onset of the noise exposure by a maximum value of 12 Ϯ 4 mmHg at 20 s (P Ͻ 0.05), and then it gradually decreased to the preexposure level during the freezing period. The values of mean arterial pressure observed during the noise exposure in SAD rats were significantly (P Ͻ 0.05) higher than those in SO rats. In SAD rats, mean arterial pressure decreased significantly (P Ͻ 0.05) by an average of 10 Ϯ 5 mmHg relative to the control level, between 40 and 320 s after cessation of the noise.
Central venous pressure tended to increase, by 1.5 Ϯ 0.3 mmHg, at 60 s after the onset of the noise exposure but did not reach statistical significance in SO rats. In SAD rats, central venous pressure did not change significantly over the experimental period. There were no statistical differences in central venous pressure between SO and SAD rats throughout the experimental period.
HR in SO rats decreased immediately after the onset of the noise exposure, reaching a peak reduction of 54 Ϯ 6 beats/min (P Ͻ 0.05) at 60 s, and thereafter it gradually recovered but remained lower by 30 Ϯ 8 beats/min (P Ͻ 0.05, 600 s) at the end of the noise exposure. In SAD rats, HR tended to decrease but did not reach statistical significance during freezing behavior. HR in SO rats was significantly lower than that of SAD rats between 20 s and 600 s after the onset of the noise exposure. Figure 4 shows the responses in power density within the theta and delta frequency bands for the EEG and the percent changes in EMG. In SO rats, theta and delta power decreased significantly (P Ͻ 0.05) and immediately after onset of the freezing behavior and remained at this lower level throughout Fig. 3 . Changes in Pa, central venous pressure (Pcv), and heart rate (HR) during freezing behavior over 10 min in SO (n ϭ 11) and SAD (n ϭ 13) rats. Mean values obtained for every 20-s bin in SO and SAD rats are shown. *P Ͻ 0.05, significant difference from the average level obtained during the prefreezing period in SO rats; $ P Ͻ 0.05, significant difference from the average level obtained during the prefreezing period in SAD rats;
# P Ͻ 0.05, significant difference between SO and SAD rats at corresponding time points. Fig. 2 . Changes in RSNA and LSNA during freezing behavior induced by exposure to 90-dB white noise over 10 min in sham-operated (SO, n ϭ 11) and SAD (n ϭ 13) rats. Mean values obtained for every 20-s bin in SO and SAD rats are shown. *P Ͻ 0.05, significant difference from the average level obtained during the prefreezing period in SO rats; $ P Ͻ 0.05, significant difference from the average level obtained during the prefreezing period in SAD rats; # P Ͻ 0.05, significant difference between SO and SAD rats at corresponding time points.
the period of the noise exposure; after the cessation of the noise exposure, theta and delta power recovered toward preexposure levels. In SO rats, there were significant reductions in theta and delta power from 20 s to 600 s and from 20 s to 540 s relative to the preexposure level, respectively. In SAD rats, there were significant reductions in theta and delta power from 40 s to 680 s and from 20 s to 680 s relative to the preexposure level, respectively. There were no differences in the magnitudes of the responses in theta and delta power between SO and SAD rats over the course of the experimental period.
EMG did not change significantly during or after the noise exposure relative to the preexposure level except that there were transient peaks at 20 s in SO rats and at 20 s and 620 s in SAD rats. There were no differences in the responses of EMG between SO and SAD rats during the experimental period.
DISCUSSION
We have demonstrated in the present study that freezing behavior is associated with a step increase in RSNA, no change in LSNA or mean arterial pressure, and an immediate decrease in HR. These data suggest that the differential changes in sympathetic nerve activity are likely responsible for preparatory adjustments of cardiovascular function during freezing behavior. Removal of sinoaortic baroreceptors abolished the sustained increase in RSNA and reduction in HR observed during freezing behavior, while it had no effect on the response of LSNA. It is likely that arterial baroreceptors may be involved in the differential regulation of sympathetic nerve activity, thus organizing the patterned cardiovascular adjustments during freezing behavior.
Sympathetic Nerve Activity During Initial Alerting Response
At the onset of the noise exposure, rats showed an initial alerting response: they twitched immediately and lifted their head, after which they froze and kept their head-up position for the remainder of the sound challenge. The twitch and headlifting motion were accompanied by simultaneous increases in RSNA, LSNA, and EMG, which were associated with a decrease in HR but no change in mean arterial pressure in the SO rats (Figs. 2 and 3) . SAD had no effect on the simultaneous increases in RSNA, LSNA, and EMG observed in SO rats. However, SAD abolished the reduction in HR observed in the SO rats with the end result that mean arterial pressure increased in the SAD rats. One possible explanation for these sympathetic and cardiovascular responses observed during the initial alerting response could be as follows: the noise exposure would cause a reflex activation of both motor and sympathetic nerve activity in a global fashion. This would lead to the initial alerting behavior including the motor activity of twitching and head lifting, which was associated with increases in RSNA and LSNA, and cause a peripheral vasoconstriction and then an increase in total peripheral resistance. In SO rats, any increase in total peripheral resistance would most likely be offset by the reduction in HR such that mean arterial pressure remained unchanged. In SAD rats, the twitch and head-lifting motions as well as the simultaneous increases in RSNA, LSNA, and EMG were the same as those in SO rats. However, in contrast to SO rats, HR did not decrease in SAD rats and thus the raised HR, and thereby cardiac output, would contribute to the increased mean arterial pressure. We have no direct evidence explaining why HR did not decrease in SAD rats over the period when both RSNA and LSNA increased to the level observed in SO rats. It is likely that these initial behavioral and sympathetic responses may develop in a rather global manner.
Differential Changes in Sympathetic Nerve Activity During Freezing
After the initial alerting response discussed above, rats remained frozen throughout the period of noise exposure. The freezing action has been thought to function as a prolonged alerting response to a novel situation in the environment and to represent readiness for an active action, including fight or flight, but at a minimal energy cost to the animal (24) . The differential changes in sympathetic nerve activity observed during freezing behavior, which are consistent with previous reports (5, 7), may play a critical role in generating the preparatory cardiovascular adjustments necessary for performing the fight or flight action. Fig. 4 . Change in EEG power density within theta and delta frequency bands and EMG during freezing behavior over 10 min in SO (n ϭ 11) and SAD (n ϭ 13) rats. Mean values obtained for every 20-s bin in SO and SAD rats are shown. *P Ͻ 0.05, significant difference from the average level obtained during the prefreezing period in SO rats; $ P Ͻ 0.05, significant difference from the average level obtained during the prefreezing period in SAD rats. a.u., Arbitrary units.
The preparatory cardiovascular adjustment is organized by the differential changes in sympathetic outflows as follows: blood flow to the kidney and splanchnic organs decreases in proportion to the increases in muscle blood flow during exercise (21) . Thus the selective activation of RSNA could cause vasoconstriction of the kidney (34) , and possibly that of the splanchnic area, which may lead to a preparatory reduction in blood flow in the visceral organs. The increase in vascular resistance is likely offset by the sustained decrease in HR, such that mean arterial pressure would remain unchanged. Moreover, the sustained decrease in HR would extend the response range, from the resting to the maximal level of HR, which could allow an increase in response range for cardiac output while at the same time conserving energy in the heart muscle. Since LSNA was unchanged during freezing, muscle circulation would remain at basal levels while the heart and the kidney would be ready for active action. These responses would then minimize the time lag for redistribution of blood flow from visceral organs to the contracting muscle, with the increased response range for cardiac output, during transition from freezing to fight or flight.
Role of Arterial Baroreceptors in Differential Responses of RSNA, LSNA, and HR During Freezing Behavior
The present study demonstrated that SAD blunted the step increase in RSNA observed during the freezing behavior in intact rats. This would suggest that the immediate increase in RSNA induced by freezing behavior may be attributed to arterial baroreceptors. By contrast, LSNA remained unchanged during freezing behavior in both SO and SAD rats, suggesting that the arterial baroreflex was unlikely to be impacting on the response in LSNA during the freezing behavior. These findings indicate that the arterial baroreceptors can exert differential actions on RSNA and LSNA during freezing behavior. This view is consistent with previous reports by Scislo et al. (29) and Polson et al. (18) that clearly demonstrated that there were discrete conduits within the central baroreceptor reflex pathway that allowed for specific modulation of different sympathetic outflows. It is therefore possible to conclude that arterial baroreceptors are involved in differential regulation of RSNA and LSNA once freezing behavior has been initiated.
Moreover, SAD abolished the significant reduction in HR observed during freezing behavior, which is supported by previous reports in conscious rats (26) . The fact that HR did not change significantly during freezing behavior in SAD rats suggests that cardiac sympathetic and vagal nerve activity did not change significantly during freezing behavior (Fig. 3) .
In light of these findings, arterial baroreceptors appear to play a significant modulatory role in generating differential and patterned changes in renal, lumbar, and possibly cardiac sympathetic nerve activity (3) induced by freezing behavior in rats.
Perspectives
Central command per se may possibly be able to generate the differential changes in sympathetic nerve activity during freezing behavior, because we found in the present study that loud noise exposure resulted in immediate and sustained reductions in both theta and delta power of the EEG (Fig. 4) . It should be emphasized that the time course of the reductions of theta and delta power of the EEG was mirrored by that of RSNA in the intact rats. Since the EMG increased in a transient manner only for a short period (Fig. 4) , the possible involvement of afferent inputs originating from muscle chemo-and mechanoreceptors (21) to generate the differential response in sympathetic outflows is likely to be minor. It is therefore possible that the sustained changes in higher central nervous system (CNS) activity may lead to the selective activation of RSNA and the decrease in HR, but sparing the LSNA; this could be attained by the higher CNS modulating the arterial baroreflex pathways in a regionally directed manner (18, 28) , acting in concert to orchestrate the preparatory adjustments of cardiovascular function for the whole body during freezing behavior.
